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FINENESSRATIO10MOVINGINA DROPLETFIELD

By RinaldoJ.&un andRobertG.Dorsch

ISUMMARY

Tra~ectoriesofwaterdropletsaboutanellipsoidofrevolution
witha finenessratioof10 (10percentthick)inflightthrougha drop-
letfieldwerecomputedwiththeaidofa differentialanalyzer.Analy-
sesof thesetrajectoriesindicatethatthelocalconcentrationof
liquidwaterat variouspointsaboutanellipsoidvsriesconsiderably
andundersomeconditionsmaybe severaltimesthefree-streamconcen-
tration.Curvesofthelocalconcentrationfactorasa functionof
spatialpositionwereobtainedandarepresentedin termsof dimension-
lessparametersthatdescribeflightandatmosphericconditions,The
dataindicatethattheexpectedlocalconcentrationfactorsshouldbe
consideredwhenchoosingthelocationof devicesthatprotrudeintothe
streamfromaircraftfuselagesormissiles,orwhendetermininganti-
icingheatrequirementsfortheprotectionofthesedevices.

INTRODUCTION

Thecalculationspresentedhereinweremadeinorderto extendthe
studyreportedinreference1 onthespatialdistributionof clouddrop-
letconcentrationafterthefree-streamconcentrationanddistribution
arealteredby an aerodynamicbodymovingthroughthecloud.Inref-
erence1 thealterationoftheconcentrationof clouddropletsinthe.
immediatevicinityofanellipsoidofrevolutionwitha finenessratio
of 5 (20percentthick)isdiscussed;whereas,thedatahereinapplyto
an ellipsoidwitha finenessratioof10 (10percentthick).

As isdiscussedinthereferencecited,an aircrtitmovingthrough
a cloudalterstheconcentrationof clouddropletsintheimmediate
vicinityoftheaircraft.Duringflightin supercooledclouds,anun-
evendistributionof iceis oftenformedonrod-shapedobjectsthat
protrudefromthefuselage.An illustrationofthispeculiardistribu-
tionisshowninphotographspresentedinreference1 andinfigure1
ofthisreport.Thepitotmastshowninfigure1 wasattachedtothe
fuselageofa B-24airplane.As indicatedby thisiceformation,there
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isfrequentlya regionofreduced(orzero}dropletconcentrationnext
to theaircraftsurface,followedby a narrowregionofgreatlyin- .
creaseddropletconcentrationfartherout. Beyondthenarrowregionof .
highconcentration,thedropletconcentrationgraduallydecreasestoward ~ ~
thefree-streamvaluewithincreaseindistancefromthesurfaceofthe -.
aircraft.A sketchofa typicalspatialvariationisshowninfigure2. ~ [

A knowledgeofthisspatialvariation~f localdropletconcentra-
tionaboutan aircraftormissileduringflightthroughclouds,@izzk”,
orrainisoftenimportantwhenchoosingthelocationof devicesthat
protrudeintothestreamorwhendeterminingthedesignrequirementsf_ar
icingprotectiononthedevices.Examples.@ suchdevicesare: (1)
intakeductsandvents,(2)antennamasts,(3}icedetectors,and(4)
instrumentsformeasuringliquid-watercontentanddroplet-sizedistri-
bution.Similarly,atplaceswherea bodyofrevolutionjoinsanair-
foil(i.e.,wherethereisa forebodyaheadmftheairfoil,suchasa
rocketpodoraircraftfuselage),theloc~ impingementof clouddrop-
letsontheairfoil,andthereforetheice-protectiondesignrequire-
ments,willbe alteredby theeffectof th~bodyofrevolutionon the
,localdropletconcentration.

Thenonuniformdistributionof iceshowninfigures1 andZ-can;
be e~laigedfroma lnmwledgbofthetrajectoriesof clouddroplets
aroundthefuselage.Droplettrajectoriesaboutanelli~soidoffine-
nessratioof10 (10percent:thick)inaxisfietric,incompressible
flowwerecalculatedwithtlieaidofa differentialanalyzeratthe
NACALewislaboratory.A p~olateellipsoidischosenas a goodapprox-
imationformanyfuselagesandmissilebodies,andhastheadditional

/

advantageofa surroundinglowfieldthatisknow exactlyforincom-
pressible,nonviscousflow A knowledgeof.theflowfieldisnecessary
forthecomputationofthedroplettrajectories,whichwerecalculated
backtothemidpointofth ellipsoidandinspaceintheradialdire&-

!tionasfaroutasa distaceequaltothe‘minoraxis.Thesetrajec-
torieswereanalyzedto de~erminetherelationbetweenthedropletcon-
centrationat variouspointsinspacewith.thefollowingvariables:
ellipsoidlengthandvelocity,dropletsizelflightaltitude,andair
temperature.Theresultsoftheanalysiswe summarized$nthisreport
intermsofthedimensionlessparametersReo and K,whichinclude
thesevariables.Althoughthecalculationsweremadeforincompres-
sibleflow,theyshouldbe applicablethroughoutthesubsonicregion~
becauseofthesmall.effectofcompressibilityondroplettrajectories
(ref.2)andbecauseofthehighflightcriticalMachnumheroftheL.
ellipsoid.

-.

SYMBOLS

Thefollowingsymbolsareusedinthisreport:
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r,z

ro

u

u

~1

w“

P

annularareaperpendicular
fluxflows, Sqft

3

tomajoraxisthroughwhichdroplet

localconcentrationfactor,d(r~)~d(rz),dimensionless

dropletdiameter,microns

fluxdensityofliquidwater,lb/(hr)(sqft)

inertiapsrsmeter,1.704X10-12d2U/@,dimensionless(density
ofwater,1.94slugs/cuft,isincludedin constant)

lengthofellipsoidmajoraxis,ft

free-streamReynoldsnmiberwithrespectto dropletdiameter
4.813X10-6dpaU/L,dimensionless

free-streamReynoldsnumiberbasedonvolume-mediandroplet
diameter,dimensionle%

cylindercoordinates,ratiotoma~oraxis,dimensionless
(fig.3) 4

startingordinateat z = -coof droplettrajectory,ratioto
majoraxis,dimensionless

free-streamvelocityorflightspeed,mph

ratiooflocalairvelocitytofree-streamvelocity,
dimensionlesss

localdropletvelocity,mph

localliquid-watercontent~g/cum

viscosityofair,slugs/(ft)(sec)

Pa densityofair,slugs/cuft

Subscripts:

av averageof quantttyoverarea

r radialcomponent

s ellipsoidsurface

z sxial.conrponent

o free-6treamconditions

A

—-
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METHODOFCM?UTINGDROPLETTRAJECTOR32?S

Theequationsthatdescribethemotionofclouddropletsaboutan
ellipsoidaregiveninreference3. A solutionofthedifferential
equationsofmotionwasobtainedwiththeuseofa mechanicalanalog
(describedinref.4)basedontheyrincipleofa differentialanalyzer.
Theprocedureforcalculatingthetrajectoriesof clouddropletswith
respecttotheellipsoidisthesameasth&tdescribedinreferencesI,
3,and5. As showninfigure3,theellipsoidorientationinthecoordi-
natesystemusedinreferences1,3,and5 isretainedherein.Sincea
flowfieldisaxisymmetricaroundanellipsoidofrevolutionoriented
at 0°betweenitsmajoraxisandthedirectionofthefreestream,the
droplettrajectoriesintheellipticalsectionof.allmeridianplanes
srethesame,andthespatialvariationof concentrationcanbe obtained
fromtra~ectorycalculationsinthez,rplaneof figure3.

Theequationsdescribingtheair-flowfieldaroundthebody,re-
quiredforthesolutionoftheequationsofdropletmotion,aregivenin
reference3. Thevaluesoftheair-velocitycomponentsUz and ~ as
functionsof r and z aregivengraphicallyinreference5.

RESULTSANDDISCUSSION(I?TRAJECTORYCOMPUTATIONS

DimensionlessParameters

Theequationsofmotionweresolvedforvariousvaluesofthe
p~ameter l~K between0.1and90. TheinertialparameterK isa
measureofthedropletsize,theflightspeedandsizeofthebodyof 0
revolution,andtheviscosityoftheair,intheform

K= 1.704X10-12$ (1)

Thedensityofwater,
factor,is1.94slugs

whichisexpressedaspartoftheconversion
percubicfoot.For-eachvalueoftheparameter

l/K,a-seriesoftraje&orieswascomputedforeachof severa~values
offree-streamReynoldsnumberReO. Thefree-streamReynoldsnuniber”-
isdefinedwithrespectto thedropletdiameteras

Reo= 4.813x10-6dPaU/W (2)

In ordertomakethesedimensionlessparametersmorephysicallysig-
nificantinthefollowingdiscussion,sometypicalconibinationsof K
and Reo are presentedintableI forvariouslengthsandvelocities
oftheellipsoid,dropletsizes,andflightpressurealtitudesand
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temperatures.A
practicalflight

procedurefor
conditionsis

rapidcalculationof l/K and ReO from
giveninappendixB ofreference6.

Average~ss FluxDensity

Theaveragemassfluxofwater
anannularareaof space(ofwidth

ofWaterinDropletForm

indropletformperunitareathrough
r2 - rl,fig.3]perpendicularto

themajoraxisoftheellipsoidisobtainedfromthelawof conservation
ofmatter.Assumethattheliquidwaterindropletformismovingbe-
tweentwosurfacesformedbyrotatingtwoneighboringtrajectoriesin
ther,zplaneabouttheaxisof theellipsoid,as showninfigure3.
Then,

WoUAO= ~avv~,avA (3)

and

(4)

ThesubscriptO refersto conditionsat largedistancesaheadof
theellipsoid(free-streamconditions),andthesfiscriptav refers
totheaverageof a cpantityovertheannulararea A. Theannularsrea
A ismeasuredina planeperpendicularto themajoraxisoftheellips-
oid (fig.3). Fromequation(4),theaveragefluxdensitythroughan
annulerarea A or a sectoroftheannulararea A canbe writtenas
follows:

A(r~)
Fav= 0.33WOU— lb/(&)(sqft)

A(r2)’

Theconstant0.33isa conversionfactorfortheunitsused.

Curvesof r: asa functionof r2 arepresentedinfigure4 for

variousvaluesof ReO and l/K atthreeconstantz-positions,the
midpoint(z= 0],a point1/4majoraxislengthfromthenoze(z= -0.25),

, andthetipofthenose(z= -0.5).Thesecurveswereobtainedfr~
calculateddroplettrajectories.Equation(5)andfigure4 maybe used,
forexemple,to determinetheamountofwaterindropletformpassing

. ina spatialregionof cross-sectionalannulararea A locatedoutside
theellipsoida distance-r fromthemajoraxis.

●
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The local mass

LocalLiquid-WaterFluxDensity

fluxofwaterindropletformper

NACATN 3410 ..=.

*
unitareaperpen-

dicularto thema~oraxisat a pointinthevicinitvofthemovinR . .
ellipsaidcanbe obtainedfrom~quation(5)by lettingA(r2)app~oach
zeroasa limit.-Then ,..-

F = o.33w@c,lb/(hr)(sqft) (6) -

where

c = d(r~)/d(r2)

id

ThelocalconcentrationfactorC!ata pointinspaceisobtainedfrom
theslopeofthe-curvesof r~ asa functionof r2 (fig.4)atthe
pointof interestforthe Reo and K combinationbeingconsidered.

TheconcentrationfactorC asa functionof r forselected *“
valuesof Reo “andK at z = O, -0.25,and-0.5 isgivenInfigure
5. Aswasstatedforthe20-percent-thickellipsoidinreference1,

-.
—

theconcentrationfactora~roaches1 (free-streamvalue)at large *

valuesof r forallz-positions.As inthecaseofthe20-percent-
thickellipsoid,theconcentrationfactorislessthanthefree-stream
value(Cc 1) atthenoseoftheellipsoid(z= -0.50)nearthema~or
axis(smallvaluesof r, fig.5(m)).At Z= -0.50no differencewas
found,withintheaccuracyofthecomputation,when Reo waschanged 1 _._~
andthevalueof l/K wasretained.

Thepeakvaluesofthectmcentrationfactorgiveninfigure5 are ‘“ ,—
plottedinfigure6 asa functionof lfK forvariousvaluesof Reo.
Thepeakvaluesaregivenonlyforthemidpoint(z= 0)andthequarter
point(z= -0.25]ontheellipsoid,beca@epeakvaluesdonotexist.at ~~
thenose(z= -0.50).Thepeakvaluesof__.Cwerenotwellestablished
by thetrajectorycomputationsforallvalizesof ReO and l[K. For
somecases,suchasthosegiveninfigure.S(b),thepeakvaluesmfgh’t._
be 50percenthigherthanshown.Thevaluesshowninfigures5 and6
areweightedforconsistencywithotherdataavailableonthissubject,

.-

includirigthedataofreference1.

Ther-positionofthepeakvalueof.lC at z = 0 and z = -0.25
isplottedasa functionof l/K forconstantReo infigure7. With —
theuseoffigures6 and7,thepeakvalueof C andits r position 6
canbe determinedforthevalueof Reo and l/K ofinterest.

-—
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Thelocalliquid-watercontentingrsmspercubicmetercanbe ob-
tainedatanypointin spaceby dividingthedropletfluxby thez-
componentofthelocaldropletvelocityatthatpoint:

Wou
w= ~C, g/cum

z
(7)

Thevalueofthez-componentofthedropletvelocityvi wasnoted

duringthecalculationsofthedroplettrajectories.A valueof
v~/U=.1(+1percent)wasobservedbetweenz = -0.40and z = O. A
valueof v#U ~ 0.98(+2percent)wasobserwdbetweenz = -0.50and
z = -0.40.

ShadowZone

Theregionof zeroconcentrationad~acentto thesurfaceofthe
ellipsoid,whichis i~ustratedinfigure2 andisevidentinfigure5,

a iscalledtheshadowzone.Thisregionisprotectedfromdropletpene-
trationby theati-fldwcharacteristicsaheadofandinthevicinity
oftheforwardpositionsoftheellipsoid.Thethickness(r- rs)of

. theshadowzoneateachz-positionofthebodyforvariousReo and K
valuesisgiveninfigure8. Generally,thethicknessof theshadow
zoneincreasesas z approachesO,thatis,fromnoseto midpointof
theellipsoid.Theshadowzoneis O atthenoseforallvaluesof
ReO and l/K showninfigure8 andbecomesoffinitethicknessat a
z-positionthatdependson Reo and l/K.

Comparisonof10-and20-Percent-ThickEllipsoids

Becausea completeconqmri.sonofthe10-and20-percent-thick
ellipsoidsthatcoversa widerangeofflightandatmosphericcondi-
tionsisbeyondthescopeofthisreport,thefollowinglimitedcom-
parisonismadefora setof conditionsthatoccurratherfrequently.
However,a dangermustbe notedarisingfromthechoiceof onlya few
setsof conditionsforcomparison:therelativeimportanceofthe
differentfactorsbeingcoqparedmaychangewithotherconditionsnot
discussed.

-.

As mightbe expected,theshapesofthecurvesforpeakvaluesof
concentrationfactorC andforshadowzone(figs.6 and8,respec-
tively)resetilethecurvesdescribingthesamefactorsinreference1

● forthe20-percent-thickellipsoid.Theprincipaldifferencebetween
thecurvesforthetwoellipsoidsisthattheeffectof concentration

.
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andtheextentofshadowarenotasgreatforthe10-percent-thick
ellipsoidasforthe20-percent-thickbody. Theeffectofa changein
bodythicknessonpeakvalueof concentrationfactorC isshownin
fi~e 9 foran ellipsoid10feetlongmovj.ngat 300milesperhourat
15,000feetaltitudethroughdroplets20micr,onsindiameter.Theef-
fectofchangeinbodythicknessontheshadowzoneunderthesamecon-
ditions5s showninfigure10. Thethinbodydeflectsthedroplet
trajectoriesfromstraightlineslessthanthethickbody.Fora body
of zerothickness,theconcentrationfactorwouldequalthefree-stream
valueeverywherein spaceandtheshadowzoneiseliminated.

Thevariationoflocalconcentrationfactorwithspatialposition
and Reo and l/K isdiscussedinreference1. Theconcentration
factorisverysensitiveto smallchangesin l/K and Reo,as canbe
seeninfigure5. Thevariation.ofconcentrationofliquid-watercon-
tentwithz-andr-positionand l/K and Reo indicatesthatcare
shouldalsobe exercisedwiththe10-percent-thickbodyinlocating
instrumentsensingelementsandsmallinletsorventsthatprotrude
fromthesurfaceandwe sensitiveto impingingwateror icefor~tion~

Thevaluespresentedinfigures4 to 8 applydirectlyonlyto
flightsincloudscomposedofdropletsthatarealluniforminsize.
Theeffectofdroplet-sizedistributionon concentrationfactorisdis-
cussedinreference1 withtheuseofseveralillustrativeexamples.
Themannerinwhichtheconcentrationfactorapplicableto a 10-percent-
thickellipsoidisalteredby droplet-sizedistributionisgivenhere
forthesameconditionsusedinoneoftheillustrativeexamplesin
reference1.

Withtheuseofthesameflightandatmosphericconditions,a com-
parisonwiththe20-percent-thickellipsoidispossible,as shownin
figure11. Theabscissaisthedistancefromtheellipsoidsurface,in
inches,at z = .0.Forboththe10-and20-percent-thickellipsoids.,
themajoraxislengthis 20feet,theflightspeedis300milesper
hour,thealtitudeis15,000feet,andthevolume-mediandropletdiam-
eteris 20microns.Forbothbodiesthepeakvalueoftheconcentra-
tionfactorconsiderablydecreasesasthedistributionbroadensfrom
uniformdropletsto a “C”distribution(definedinref.1). Also,the
regionthatwasa formershadowzonewithzeroconcentrationforthe
cloudconditionwithuniformdropletsbecomesan areawitha smallcon-
centrationfactor.A comparisonofconce_ntration-factorcurvescalcu-
latedfordroplet-sizedistributionsestimatedtobe presentinclouds,
suchas showninfigure11,showsgoodqualitativeagreementwiththe
shapeofactualiceformationsobtainedonrod-shapedob~ectsinflight
throughtheclouds(fig.1).

.
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CONCLUDINGREMARKS

Thesignificanceofthespatialvariationofliqyid-watercontent
anddropletsizeisdiscussedthoroughlyinreference1. Theeffectof
thespatialvariationonmeasuringinstrmuentsandontherotating
multicylindermethodisalsoevaluatedinreference1. Theimportance
ofavoidingmeasurementsof liqtidwateranddropletsizeintheregion
ofvariationofdropletconcentrationinthevicinityofan aircraft

W fuselageisemphasized,becausethecorrectionoftheindicatedwaterm+w contentanddroplet-sizedistributionstofree-streamconditionswould
be veryinvolved.

Thedataofthisreportareapplicableina quantitativemanner
y oulyto ellipsoidsofrevolutionwitha finenessratioof10. Aswas
H statedinreference1 fora thickerbody(finenessratioof 5),these
o dataalsoapplyapproximatelyinthevicinityofthenosesectionofa

bodyofrevolutionthatcanbe physicallymatchedwiththenosesection
of a 10-percent-thickellipsoidofa givenlength.Thedataarepar-
ticularlyapplicableiftheafterbodydoesnotappreciablyalterthe
air-flowfieldaheadofthee~psoid sectionfromthatattendantto an
ellipsoid.Becausemanybodiesofrevolutionofinterestaredifferent
in shapefromanellipsoid,thedataofthisreportandreference1 are
primarilyusefulinpointingoutina qualitativemannerthetypeof
vsriationinliquid-waterconcentrationthatmightbe expectedinthe
vicinityof a bodyofrevolutioninflightthrougha dropletfield.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland;Ohio,February1, 1955
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